Abstract. Folic acid (FA) is used as a recognition molecule to achieve selective internalization in cancer cells. Here functionalized gold nanoparticles with folic acid (AuNP-FA) are proposed as suitable therapeutic agents for cervix cancer cells by photothermal damage. The functionalized gold nanoparticles with folic acid were synthesized by mixing hydrogen tetrachloroaurate with folic acid in a molar ratio of 0.56/1 under radiation of mercury lamp (λ max =254 nm). HeLa cells were incubated with AuNP-FA during 48 h, then were irradiated and the cytotoxicity was analyzed 12 h after irradiation. The AuNP-FA were dose-dependent cytotoxic under irradiation and not cytotoxic in the absence of radiation. The viability of cancer cells treated with functionalized and non-functionalized gold nanoparticles (AuNPs), with and without near infrared light at 808 nm, was measured by MTT assays. This work provides useful guidance toward the synthesis of biocompatible nanomaterials for biological applications.
Introduction
Gold nanoparticles (AuNPs) have been subject of research due to their unique property of surface plasmon absorption (SPA). SPA occurs from resonant oscillation of their free electrons at a particular wavelength of the light. This process allows converting light to heat and AuNPs were used to produce a photothermal effect into the cancer cells [1] [2] [3] . However, AuNPs functionalized with special biomolecules is required in order to facilitate their cell internalization. FA [4] [5] [6] [7] [8] or Anti-epidermal growth factor receptor of monoclonal antibodies (anti-EGFR) [6] have been proposed to allow specific recognition or internalization by cancer cells. In this sense, Li et al. [4] have obtained AuNPs functionalized with FA through one-step synthesis and were incubated in HeLa cells where the intracellular uptake of these conjugates was facilitated by overexpressing folate receptor of the cells.
AuNPs have been synthesized by several methods, including chemical and photochemical procedures. Chemical methods mainly involve reduction of chloroauric acid by a specific reducer. Spherical AuNPs are prepared by reduction of chloroauric acid with sodium citrate in doubly distilled water. The size of AuNPs is controlled using the different concentrations of sodium citrate [9] . Gold nanorods (AuNRs) are prepared from HAuCl4 with CTAB (hexadecyltrimethylammonium bromide) as template [10, 11] . The triangular or hexagonal shapes of AuNPs are generated by a photochemical methods, but this procedure requires an illumination with ultraviolet radiation (mercury lamp =306 nm) to carry out the reduction of HAuCl 4 in presence of sodium oxalate [12] . Eustis et al. [13] have proposed the synthesis of AuNPs using HAuCl 4 with ethylene glycol and poly(vinylpyrrolidone) under radiation (250-400 nm).
FA [4, 14] and FA-linked drugs are recognized with high affinity ( 100 ) by folate receptor [15] . The receptor of FA represents a useful target for selective delivery into cancer cells, because folate receptors are particularly overexpressed in many cancers like cancers of the breast, ovaries, endometrium, kidneys, colon, brain, and myeloid cells of hematopoietic origin but present an expression restricted on normal tissues [15, 16] .
AuNP functionalized with FA have been used in plasmonic photothermal therapy (PPTT) with promising results as an independent strategy for highly selective cancer treatment. Tong et al. [17] have synthesized and functionalized AuNRs with FA and were incubated with KB carcinoma cells with high folate receptor expression and NIH-3T3 cells with low folate receptor expression. The KB cells incubated with FA-conjugated nanorods were exposed to continuous near infrared (NIR) laser at 6-60 mW and showed photoinduced injury and not injuries were observed in NIH-3T3 cells. Recently, Volsi et al. [18] combined PPTT and Chemotherapy for osteosarcoma treatment, using folate-targeted gold nanorods, an amphiphilic polysaccharide based graft-copolymer (INU-LA-PEG-FA) and an amino derivative of the α,β-poly(N-2-hydroxyethyl)-d,l-aspartamide functionalized with folic acid (PHEA-EDA-FA). This nanosystem controlled drug release and caused hyperthermia efficiently.
Recent works have functionalized gold nanoparticles with FA using linkers (4-aminothiophenol, 6-mercapto-1-hexanol) [19] or incorporating other molecules (N-hydroxysuccinimide terminated oligonucleotide, NH2-terminated PEGfolic acid) [20] . These nanoconjugates were used in the PPTT of cancer cells, obtaining favorable results.
This work demonstrates that a photochemical method can be used to synthesize AF-functionalized AuNPs on onestep and then be used in the PPTT of HeLa cells achieving the decrease in cell viability in a statistically significant way. In addition, the synthesized nanoconjugate is a simple system that does not contain linkers or other molecules that could complicate the action mechanism of the nanoparticle or affect its biocompatibility.
Experimental
Synthesis of gold nanoparticles functionalized with FA. Nanoconjugated system was prepared according to the method reported by Castillo et al. [21] with some modifications. Briefly, 330 µL of 5 mM FA (Merck) were added to 9.37 mL of MilliQ water with shaking in a photochemical reactor (Ace-Glass model T-121m), which was wrapped with aluminum foil. And then 300 µL of 0.01 M HAuCl4.3H2O (Sigma) were added to reaction system and irradiated under a UV lamp ( =254 nm) for 10 min at 19 °C using a thermostat bath. The pH of reaction mixture was fixed at pH=10.41 using some drops of NaOH 0.1 M. The colloidal suspension of AuNP-FA was dialyzed during 8 h to remove excess free FA. The decrease in the amount of free FA was determined by a Meanwhile, a group of cells was treated with AuNP solutions at 6.4 µg de Au/mL for comparison. Nanoparticles were not added to the control cells. After 48 h of treatment, cells were illuminated with a diode laser (ThorLabs Newton USA, 808 nm) for 5 min at 800 mW of power. The irradiation effect was studied, and control cells were exposed to light (irradiated control). The distance between the diode and samples was about 2.5 cm.
MTT assay was performed 12 h after irradiation. Simultaneously, treated cells and control cells were grown without irradiation in a different plate. Finally, the medium was discarded and 200 µL of MTT (500 μg/mL in HBSS) were added to each well. After 3 h of incubation, the supernatant was removed and 200 µL of DMSO was added to dissolve the crystals formed. Absorbance was measured at 550 nm using a microplate reader, using DMSO as a blank [22] .
Data were presented as means ±SE from at least two independent experiments and compared by analysis of variance one way (ANOVA) followed by multiple comparison analysis averages, Tukey. Differences at <0.05 were considered statistically significant.
Results and discussion
The AuNP-FA assayed had an amount of free FA removed through a dialysis process. The difference between the AF concentration in the colloidal suspension before and after the dialysis was ~0.02 mM. The AuNPs solution shows a SPA band at 546 nm and some irregular shapes was observed, the hydrodynamic average size and Z potential were 112,1± 11,4 nm and 0 ± 0.19 mV respectively. Fig. 1 shows the UV-Vis absorption spectrum of AuNP-FA (in dashed line). The SPA band around at 537 nm indicates the formation of gold nanoparticles under photochemical reduction, and no band is observed in the spectra of the mixture solution before UV irradiation (in dotted line). The wide absorption peak is resulted from irregular sizes and shape of nanoparticles [23, 24] , such as it is observed in SEM image of AuNP-FA, shape and size of nanoparticles are varied with some elongated bar-like, polygon or irregular, see Fig. 2 . The hydrodynamic average size of AuNP-FA (Fig. 3) was 75.28±0.32 nm. These solutions are adequate for PPTT in cancer cells, because they contain particles within nanometric range (1-100 nm). The average Z potential was 0.3±0.7 mV indicating the charge density is low at the surface of AuNP-FA. ATR-FTIR spectrum of free FA and AuNP-FA solutions (Fig. 5) were obtained in order to study the interaction between the FA with the surface of AuNP. Vibrations of pterin portion of free FA at 1680 (C = O stretching) and 1600 cm -1 (CN stretching of the -C (NH 2 )-) experienced a shift to 1726 and 1646 cm -1 respectively, in the spectrum of AuNP-FA. Additionally, the absence of the peak due to skeletal vibration of the pterin ring at 1508 cm -1 could indicate that AuNPs perhaps interact strongly with pterin portion of FA. The peak at 1405 cm -1 (vibration of the carboxylate groups of the glutamate portion of FA) shifted to 1373 cm -1 in the AuNP-AF sample. That is to say, FA can interact with the surface of the AuNP-FA through the carboxylate groups of glutamic acid portion and amine group of pterin moiety. Castillo et al. [25] demonstrated that the FA interacts with gold-capped silicon nanopillars mainly through the nitrogen in the pterin moiety, when deposited a FA solution on gold-capped silicon nanopillars and did SERS and Raman analysis and DFT calculations. However, the z-potential near zero of the AuNP-FA could be related to the fact that the FA molecules are joined mainly by the carboxylic groups to the metal surface of the Au, leaving out the pterin ring (which at basic pH it has no charge). In accordance with this last, Chen et al. [26] observed that folate requires binding to the folate receptor through its pterin group and indicated that glutamate group is available for conjugation with drugs and imaging reagents, without impeding the correct interaction between receptor and folate.
Fluorescence spectroscopy analysis was used to demonstrate the interaction of FA with AuNPs. Fig. 6 shows that the fluorescence emission of FA is efficiency improved by presence of AuNP, where the increase in fluorescence emission of fluorophores is attributed to an amplified electric field close to the metal surface induced by the incident light [27, 28] . In this study, HeLa cells were used as target cells which present the folate receptor in membrane surface. The cells were treated with AuNP-FA and AuNPs to verify that FA is responsible for the internalization of AuNPs. The cell viability was determined as the percentage of the viable cells against control group cells. HeLa cells treated with AuNP-FA without irradiation do not showed statistically significant difference in cytotoxicity with any concentration tested in comparison to cells control (see Fig. 7 , without irradiation). Though, after 5 min of NIR irradiation, the AuNP-FA internalized affects cell viability in a dose dependent manner. In consequence of interaction between nanoparticles and NIR radiation generated a decrease of cell viability at higher concentrations of AuNP-FA (3.2 and 6.4 µg/mL). The morphology of HeLa cells treated with AuNP-AF with the two highest AuNP-FA concentrations were dramatically altered while for the two lower concentrations of AuNP-FA the cell morphology is not altered, see Fig. 8 . In the case of HeLa cells treated with AuNPs with and without irradiation, cytotoxic effects were not observed although, previously, we observed that AuNPs solutions exhibited photo-thermal response when exposed to NIR radiation (diode laser 808 nm). This result suggests that uptake of AuNPs was low and when they were irradiated not generate a photo-thermal effect. Chithrani et al. [29] founded that the internalization of naked AuNP into HeLa cells is minimal and independently of particle size. Therefore, we suspect cell thermal damage can be promoted once sufficient nanoparticles have entered the cell.
Conclusion
In this work the AuNPs functionalized with FA were prepared by a photochemical methodology with a SPA band wide in the visible light region. This preparation of AuNP-FA has an important advantage, because it is free of reagents (surfactants and polymers) typically used as template and stabilizing agents during synthesis of AuNPs. When HeLa cells are treated with AuNP-FA and exposed to NIR radiation, we observed changes in cell viability by photothermal damage in function of concentration of AuNP-FA. The irradiation time (5 min) and power of light (800 mW) applied were low, so that NIR radiation was innocuous for cells untreated. This fact has a potential advantage for applications future of photothermal therapy for cancer.
